Direct observation of the decay of first excited Hoyle state in $^{12}$C by Rana, T. K. et al.
ar
X
iv
:1
20
3.
33
36
v1
  [
nu
cl-
ex
]  
15
 M
ar 
20
12
APS/123-QED
Direct observation of the decay of first excited Hoyle state in 12C
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Variable Energy Cyclotron Centre, 1/AF Bidhan Nagar, Kolkata - 700 064, INDIA
(Dated: November 21, 2018)
An excited state of 12C having excitation energy Ex ∼ 9.65 ± 0.02 MeV and width (FWHM)
∼ 607 ± 55 keV, which decays to three α-particles via Hoyle state (Ex ∼ 7.65 MeV), has been
directly identified for the first time in the exclusive inelastic scattering of 60 MeV 4He on 12C,
measured in coincidence with the recoiling 12C∗ Hoyle state (decaying mostly as 12C∗ → 8Be + α
→ α+ α+ α) by event-by-event kinematic reconstruction of the completely detected (4α) events.
This state is likely to be a candidate for 2+2 first excited Hoyle state, the existence of which has
recently been indirectly evidenced from the recent inclusive inelastic scattering studies.
PACS numbers: 25.55.Ci, 27.20.+n
The famous Hoyle state [1], the 0+2 resonant excited
state of 12C at an excitation energy of 7.654 MeV, plays
an important role to understand a variety of problems of
nuclear astrophysics like elemental abundance in the uni-
verse as well as the stellar nucleosynthesis process as a
whole [2]. From nuclear structure point of view too, there
are many unanswered questions regarding the configura-
tion of this state; theoretically, it is conjectured as the
lowest state corresponding to a different configuration (
member of either a β band of the three α molecule-like
structure [3–5], or a Bose-Einstein condensate-like struc-
ture (BEC) [6]) originating from 3-α clustering in 12C,
and the standard shell-model approaches, even the ad-
vanced no-core calculations failed to reproduce the state
[7].
According to the above models, the 3-α cluster con-
figuration of the Hoyle state (0+2 at 7.654 MeV should
also have higher excited states; the lowest excited state
has been predicted to be a 2+ state at excitation energy
Ex ∼ 10 MeV [3, 4, 6]. This 2+2 state is strongly cou-
pled to the 0+2 Hoyle state and is likely to decay mostly
via Hoyle state. However, in spite of vigorous experi-
mental efforts in the recent years, there is still now no
conclusive evidence so far. In inelastic proton scattering
12C(p, p′) experiments, small angle angular distribution
measurement near the diffractive minimum of the broad
0+ background has indicated the presence of a possible
2+ state at 9.6(1) MeV of width ∼600(100) keV [8, 9].
Recent inelastic α-scattering angular distribution studies
also indicated the presence of a 2+ state at 9.84 ± 0.06
MeV of width 1.01 ± 0.15 MeV [10]. On the other hand,
the study of 12C∗, produced in the β-decay of 12N and
12B, decaying into 3α continuum has however, not found
clear evidence about the existence and nature of the 2+
and 0+ states at excitations ∼10-12 MeV [11, 12]. On the
other hand, the γ induced 12C dissociation 12C(γ, 3α)
studies have also indicated the presence of a 2+ state
below 10 MeV [13].
It is thus clear that even though there are definite in-
dications about the existence of the elusive 2+2 state, the
first excited state of the Hoyle state, clear identification
of the state is still missing. Assuming the 3-α cluster
configuration of 12C, the isoscalar (IS) transition rates
to various excited states have been calculated by Khoa
et al. [14], who have shown that the excited states of the
Hoyle state band ( 0+2 , 2
+
2 , 4
+
2 , ... should predominantly
decay by E2 transitions to the ground state 0+2 , the Hoyle
state, which will then decay predominantly via two step
process: 12C∗ → 8Be + α → α + α + α, with a small
percentage (. 5% of direct 12C∗ → 3α decay. So, com-
plete kinematical measurement of all outgoing particles
in each event may be helpful in reconstructing the the
events originating from the decay of the excited states of
the Hoyle state using missing energy (due to the emis-
sion of γ-ray) criterion. However, a recent experiment
performed in this line [15], where complete kinemati-
cal measurement of all outgoing particles emitted from
the reactions 10B(3He, pααα) at 4.9 MeV and 11B(3He,
dααα) at 8.5 MeV has been done, did not bring out any
signature of the possible existence of the 2+2 state. Since
the spin and isospin zero α-particle is a very good pro-
jectile for the excitation of the nuclear IS states [14], we
studied the decay of 12C∗ into 3-body final states (3α)
using inelastic α scattering from 12C target to study the
excited states of 12C which are predominantly excitable
through isoscalar transitions in general, and to look for a
cleaner signature of the elusive 2+2 state in particular. In
this letter we report, for the first time, a complete kine-
matic measurement of the inelastic α-particles emitted in
the 12C(α, α′) reaction in coincidence with the decay of
Hoyle state. The present study clearly demonstrates the
presence of an excited state of 12C at excitation energy
of 9.65 ± 0.02 MeV energy and width (FWHM) 607 ± 55
keV. Since the state is decaying via the 0+2 Hoyle state,
and no direct (3α) decay of this new state has been ob-
served, it may be taken to be the excited state of the
Hoyle state band.
The experiment was performed at the Variable Energy
Cyclotron Centre, Kolkata, using 60 MeV 4He ion beam
from the K130 cyclotron on 12C target (self supported,
thickness ∼90 µg/cm2). The Hoyle state (and other ex-
cited states) in 12C nuclei were produced through inelas-
tic scattering of 4He from 12C. The α-particles emitted
in the decay of Hoyle state as well as the inelastically
2scattered 4He have been detected in coincidence using
two 3-element telescopes. The telescopes consisted of a
50µm ∆E single-sided silicon strip detector (16 strips,
each of dimension 50mm ×3mm), 500µm ∆E/ E double-
sided silicon strip detector (16 strips (each 50mm ×3mm)
per side in mutually orthogonal directions) and backed
by four CsI(Tl) crystals (thickness 6 cm). The two tele-
scopes were placed at kinematically correlated angles for
coincident detection of inelastically scattered 4He in the
backward angle telescope (covering the angular range of
104◦ - 128◦) and the three α-particles, originating from
the decay of the Hoyle state of the recoiling 12C∗, at the
forward angle telescope (covering the angular range of
14.3◦ - 37.7◦). All strips and the CsI(Tl) detectors were
read out individually using standard readout electronics.
A VME-based online data acquisition system was used
for the collection of data on event-by-event basis.
The aim of the experiment was to identify the (un-
bound) excited states of 12C by exclusive complete kine-
matical measurement of all outgoing particles; only com-
pletely detected events (events where all four α particles,
three from the decay of 12C∗, as well as the inelastically
scattered one were detected separately) have been used
for the present analysis to remove any ambiguity about
the origin of the detected particles. The system 4He +
12C was chosen for this purpose for its specific advan-
tage regarding the detection of complete events, as it
has only a few open reaction channels compared to other
heavy ion induced reactions. One horizontal collimator (6
mm width) was placed in front of the backward telescope
such that data taking was restricted to only a few (∼2)
strips around the median plane. So, the corresponding
coincident recoiling 12C∗ nucleus in the forward telescope
was also restricted around the median plane; this helped
to enhance the percentage of completely detected events
(three decaying α-particles confined within the span of
the forward telescope and detected) among the whole set
of coincident events. Typical beam current used for the
experiment was ∼5-10 nA. In total, nearly 4000 com-
pletely detected events were collected in the present ex-
periment which have been analysed further to extract the
structure of the Hoyle state.
The analysis of the data has been carried out in steps.
In the first step, the energies and momenta of the three
α-particles detected in the forward telescope (completely
detected event) have been used to reconstruct the exci-
tation energy of the recoiling 12C∗, which has been dis-
played in Fig. 1. It is seen that the excitation energy has
only one prominent peak at Ex(
12C)∼ 7.65 MeV, which
corresponds to the Hoyle state.
In the next step, the positions, energies of the three
identified α-particles have been used to reconstruct the
recoiling energy, position of 12C∗ nucleus (Er , θr) and
these values have then been cross-checked with the en-
ergy, position of 12C∗ extracted from the backward an-
gle inelastic α-particle data using binary kinematics (Ek,
θk). The comparison is shown in Fig. 2, which clearly
demonstrates the consistency and precision of the recon-
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FIG. 1: (color online) The excitation energy of recoiling 12C
reconstructed from the three α-particles emitted in the 12C∗
→ 3α decay. The red lines indicate the gate used for further
analysis (see text).
struction technique.
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FIG. 2: Comparison of the (a) emission angle, and, (b) kinetic
energy of the recoiling 12C∗ estimated by binary kinematics
(θk, Ek) and kinematic reconstruction (θr, Er) methods (see
text).
In order to study the decay of the Hoyle state fur-
ther, the data have been transformed from the laboratory
frame to the rest frame of 12C∗, which is characterised
by the following conditions,
~v1 + ~v2 + ~v3 = 0 (1)
E1 + E2 + E3 = Ebreakup, (2)
where, ~vi and Ei, (i = 1 − 3) are the velocities and
kinetic energies of the three α-particles in the rest frame
of 12C∗ and Ebreakup is the the difference of the Hoyle
state energy and the 3α-decay threshold energy (=380
keV). The transformed data have been found to satisfy
both the conditions (see Fig. 3).
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FIG. 3: Consistency check of the transformation to the rest
frame of 12C∗
The nature of decay of the selected events have been
investigated further to check if it follows the known de-
cay characteristics of the Hoyle state (predominantly se-
quential in nature: 12C∗ → 8Be + α → α + α + α).
The study has been carried out using Dalitz plot tech-
nique [16], utilising the relative energy spectra of the de-
cay particles. The relative energy spectra and the cor-
responding Dalitz plots for the Hoyle state have been
shown in Fig. 4. Here, the relative energy indices 1, 2
and 3 refer to the particles emitted with highest, second
highest and lowest energies, respectively. All relative en-
ergy spectra (Figs. 4a-c) are found to be peaking sharply
around ∼90 keV, corresponding to the relative energy of
the 8Be(g.s.)→2α breakup. The Dalitz plot (Fig. 4d) has
been generated using the Dalitz parameters
√
3(Erel(12)-
Erel(23))/2 and (2Erel(31) - Erel(12)- Erel(23))/2, where
Erel(ij) is the relative energy between i
th and jth parti-
cle. The triangular locus in Fig. 4d indicates that the
decay is mostly sequential in nature (sequential : 12C∗
→ 8Be(g.s) + α → α + α + α), in agreement with the
earlier findings [17].
From the above, it is evident that the 3α reconstructed
7.65 MeV state in Fig. 1 is the Hoyle state. In the next
step, the 12C∗ excitation energy spectrum has been gen-
erated from the inelastic α-scattering data of the back-
ward telescope in coincidence with a gate on the observed
Hoyle state in Fig. 1, which has been shown in Fig. 5.
It is clearly seen in Fig. 5 that the 12C∗ excitation en-
ergy spectrum obtained from the inelastic α-scattering
contains two peaks. The first peak, at 7.73 ± 0.09 MeV
is the 0+2 Hoyle state. In addition, there is a small peak
also seen at excitation energy ∼9.65 ± 0.02 MeV (see
inset of Fig. 5) . The width of the Hoyle state, which
is actually negligible (see Fig. 1), appears to be quite
broad in the inelastic scattering spectrum (Fig. 5). This
is due to the fact that the inelastic scattering spectrum
has been generated by summing over a large solid an-
gle to extract statistically significant information about
the excited state; the observed broadening is therefore of
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FIG. 4: (a,b,c) Relative energy spectra for the three decay α-
particles, and, (d) the Dalitz plot, for the decay of the Hoyle
state.
kinematic origin associated with the total angular cover-
age. The excited state observed at 9.65 ± 0.02 MeV is
having a large intrinsic width, which is estimated to be
∼607 ± 55 keV, obtained after correcting for the kine-
matic broadening. Since this state has been seen in coin-
cidence with the Hoyle state, it is likely to be an excited
state of 12C, which is decaying via Hoyle state. However,
since there are quite a few states at around the same en-
ergy, it warrants a thorough introspection of the whole
scenario.
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FIG. 5: (color online) Excitation energy spectrum of 12C from
inelastic α-scattering data gated with Hoyle state. The zone
marked by the lines has been shown in the inset. The symbols
represent the data and the lines are the corresponding fits to
the data (see text).
Most prominent and known states around this energy
are, a narrow 9.64 MeV 3−1 state (width ∼ 34 keV ),
a broad ∼10.3 MeV 0+3 state (width ∼ 2.7 - 3.0 MeV
[10, 18]), a broad 10.84 MeV 1− state (width ∼ 315
keV [18] ). The 9.64 MeV 3− state is known to have
4a α decay branch which decays to 8Be(g.s.) (97.2%) and
8Be(2.7+%)[19]. The inelastic α energy corresponding to
the 8Be(g.s) decay branch of 9.64 MeV 3− state cannot
interfere with the present observation as the energy of
the 3α reconstructed spectrum will be around 9.64 MeV,
well outside the gate (see Fig. 1). On the other hand,
8Be(2+) decays almost entirely (≈100% ) into 2α [20]; in
such case, the 3α reconstructed spectrum will again be
completely out of the gate used (Fig. 1). Even taking
into consideration those rare events (≪ 1% of the total
events) where 8Be(2+)→ 8Be(g.s.) through the emission
of 3.03 MeV γ-ray, the three decay α-particles will not
satisfy the kinematic conditions of the Hoyle state decay,
and thus will automatically be rejected. Same argument
is valid for all higher excited states, so far as the decay
via 8Be + α channel is concerned.
That the exclusive measurement of the inelastic 4He
spectrum in coincidence with the fully reconstructed
Hoyle state has made all the difference is further evident
from Fig. 6, which displays the spectrum of inelastically
scattered 4He in coincidence with the detected 2α (in for-
ward telescope) events (not only kinematically complete
events as considered earlier), which follow the sequen-
tial decay (via 8Be + α) route. Here many prominent
unbound states of 12C∗ are clearly identified. It is ob-
served in Fig. 6 that, apart from the Hoyle state, there
is a strong peak alongwith a broad bump near Ex ∼ 9-
11 MeV region. Gaussian peak fitting analysis revealed
the presence of two peaks in that region; a narrow peak
at 9.68 ± 0.04 MeV (width ∼50 ± 21 keV) and a broad
peak at 10.27 ± 0.05 MeV (width ∼2.85 ± 0.13 MeV).
The first peak is likely to be the 9.63 MeV, 3− state,
whereas the broad peak may be identified as the 10.3
MeV,0+3 state. The 1
− state at 10.84 MeV, which was
quite prominent in 12C(p, p′) experiment [9], is not found
to be significant here; however the present observation is
in agreement with the previous 12C(α, α′) result [10],
where the contribution of 10.84 MeV 1− state was shown
to be small compared to that of the broad 0+ bump. It
is thus clear from the above that unambiguous identifi-
cation of the excited 2+2 state of the Hoyle state band is
extremely difficult, if not impossible, in presence of the
large background of the strong 3−,0+3 , and other neigh-
bouring states. However, the situation changes dramati-
cally when one uses complete kinematical measurement;
the background is fully eliminated and it is possible to
extract informations about very weak transitions as was
shown in Fig. 5.
The only way the states (9.64 MeV (3−), 10.3 MeV (0+3
) or 10.84 MeV (1−)) may contribute to the observed in-
elastically scattered state at 9.6 MeV is as follows; first it
should decay to 0+2 Hoyle state through γ-decay and then
the Hoyle state subsequently decays into 3α particles.
In that case, the width of the observed state should be
close to those of the above states. However, the extracted
width (∼607 ± 55 keV) of the observed 9.65 ± 0.02 MeV
state is nowhere close to the known widths of any of the
above states (∼34 KeV for 3− state (9.64 MeV) [18], ∼2.7
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FIG. 6: (color online) Excitation energy spectrum of 12C from
inelastic α-scattering data gated with 8Be. The symbols rep-
resent the data and the lines are the corresponding fits to the
data (see text).
MeV for 0+3 state (10.3 MeV) [10, 18], or, ∼315 KeV for
1− state (10.84 MeV) [18]). Furthermore, recent the-
oretical calculation of Eλ transition strengths indicates
that the transitions 3−1 → 0+2 , 0+3 → 0+2 are very small;
rather there is appreciable transition strengths for both
3−1 , 0
+
3 → 2+2 , the excited state of the Hoyle state band
[14]. This implies, at least qualitatively, that the decay of
3−1 , 0
+
3 states, instead of interfering with the signature of
2+2 state decaying primarily via Hoyle state, may rather
contribute to the yield of the 2+2 state.
It may therefore be concluded that the ∼9.65 ± 0.02
MeV excited state of 12C seen in the inelastic α-scattering
spectrum in coincidence with the Hoyle state recon-
structed from kinematically complete events, is most
likely a new excited state decaying via Hoyle state. Ex-
clusive coincidence measurement with Hoyle state and
complete kinematic reconstruction helped to rule out the
possibility of linking this state to other excited states
(e.g., 3−1 , 0
+
3 ) at around this excitation energy. In ab-
sence of detailed angular distribution measurement, it is
not possible to assign the spin, parity of this state. The
energy (∼9.65 ± 0.02 MeV) and width (∼607 ± 55 keV)
of this new state are quite close to the those predicted for
the first excited 2+2 state of the Hoyle state band from the
inelastic scattering angular distribution studies, i.e., en-
ergy ∼9.6 ± 0.1 MeV, width ∼600 ± 100 keV)[8, 9], and
energy ∼9.84 ± 0.06 MeV, width ∼1.01 ± 0.15 keV)[10].
Since the state has been directly observed for the first
time decaying directly via Hoyle state, this new state is
a strong candidate for the 2+2 state of
12C. Detailed an-
gular distribution of this state should be carried out for
proper identification of this state.
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